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Abstract-The passivation consists of three steps, that is, the 
baking process, the direct fluoridation and the thermal modi- 
fication process. Each of the steps was evaluated in terms of 
surface flatness, chemical composition and structure. The op- 
timum conditions for the fluorine passivation technology of 
316L stainless steel are described. The direct fluoridation prod- 
ucts formed at the temperature of 320°C or lower have the sin- 
gle-phase composition of FeF,, while those which were formed 
at the temperatures of 330°C or higher have the compound- 
phase composition with FeFz and FeF,. At certain critical tem- 
perature (400°C for 316L stainless steel) of the thermal modi- 
fication, FeF, is converted to FeF, and disappears completely 
as the temperature rises. Meanwhile CrF, is formed at certain 
temperature (440°C for 316L stainless steel). The compound- 
phase composition gets further crystallized as the thermal mod- 
ification temperature rises. As the crystal growth induces the 
cracks on the fluoridated film, it is very difficult to form a sat- 
isfactory passivation film from the compound-phase composi- 
tion by thermal modification. It is confirmed that excellent pas- 
sivation film has been obtained from the single-phase 
composition by the optimum fluoridation following the opti- 
mum thermal modification. 
I. INTRODUCTION 
OCESSING equipment for submicron ULSI fabri- 
quires corrosion-resistant metal surfaces, which are free 
of outgassing and capable of periodic in situ cleaning of 
adsorbed material [ 11-[5]. Fluorine passivation process, 
applied as a metal treatment, was shown to provide such 
a surface. 
The fluoridation mechanism as well as the process steps 
leading to a well passivated surface film have been dis- 
cussed in the literature [6]-[12]. Previous articles by the 
authors [6]-[8] provide information on fluoridated sur- 
faces on several metals. They also show, that the best 
passivating film on nickel and stainless steel can be formed 
only by a two-step fluoridation process [6]. The compo- 
sition of the film formed in the first step, i.e. a direct 
fluoridation process, depends on material and process 
temperature. This step normally results in the formation 
of a nonstoichiometric fluoride. The film is converted to 
p" cation, in particular plasma processing equipment, re- 
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the stoichiometric structure in a second step, i.e. by ther- 
mal modification with the heat treatment of the film in 
nitrogen. The end product, the stoichiometric fluoride 
film, was shown to have the best passivation performance 
161. 
The purpose of this work is to pursue the optimization 
of the previously published methodology [6] for the 3 16L 
stainless steel. The optimum condition for a three-step 
process, composed of baking, direct fluoridation and ther- 
mal modification steps was examined. Results will show 
that each of these steps influences the quality of the final 
passivating film. This article describes in detail every part 
of the overall processes. Section I1 is focused on baking 
conditions, Section I11 describes the results of direct fluo- 
ridation and Section IV describes the effects of thermal 
modification with conclusions presented in Section V. 
11. OPTIMUM CONDITION FOR BAKING 
Table I shows the surface roughness of a smoothly-pol- 
ished 3 16L stainless steel before and after baking, where 
these two samples (n ,  and nz) were treated under the same 
conditions and the roughness of surfaces were measured 
at three random points in each piece. Roughness was 
measured with stylus profilometer (Alpha step 250). Sur- 
face roughness is not influenced by baking at 250°C for 
6 hours and 440°C for 6 hours, respectively. In Fig. 1 
X-ray photoelectron spectroscopies (XPS) of stainless 
steel surface before and after baking are shown, where 
chromium migration to the surface is observed after bak- 
ing and this phenomenon is more pronounced as the bak- 
ing temperature rises. But one factor affecting the surface 
roughness of the fluoridated film in passivation processes 
is the baking temperature as shown in Fig. 2. Figure 2 
shows the surface roughness of two samples treated at the 
different baking temperatures to follow the same fluori- 
dation and thermal modification. Baking at 250°C shows 
higher roughness value than baking at 440°C. If the bak- 
ing temperature is lower than the temperature of the ther- 
mal modification, the crystal structure of the stainless steel 
itself is changed by chromium transit during the process 
of thermal modification and occurs roughness. It is con- 
firmed that the optimum condition of baking is the same 
temperature as the thermal modification in order to obtain 
the surface flatness. 
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TABLE I 
ROUGHNESS 
EFFECT OF BAKING CONDITION FOR 316L STAINLESS STEEL SURFACL 
ni n2 
- - 
Condition R a ( A )  R a ( A )  R a ( A )  R a ( A )  
Before Baking 45 51 61 52 40 32 33 35 
A After Baking in N 2  45 44 30 40 41 37 47 41 
(250°C, 6 hr) 
BeforeBaking 36 43 35 38 29 34 37 34 
B AfterBaking in N z  40 48 35 41 38 38 41 39 
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Fig. 1. Depth Profile of XPS spectra from baked surface of 3 16L stainless 
steel 
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Fig. 2 .  Relationship between baking and thermal modification tempera- 
tures for surface smoothness of passivated film. 
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Fig 3 XRD pattern of the fluoridated films of 316L stainless steel sur- 
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Fig. 4. Proportion of FeF, and FeF, for various fluoridation temperature. 
111. OPTIMUM CONDITION FOR FLUORIDATION 
Fluoridation products on the well-polished 3 16L stain- 
less steel surfaces were studied in the temperature ranging 
from 220°C to 600°C. Fig. 3 shows the results of X-ray 
diffraction (XRD) of those products from 220°C to 
400°C. Evidently, the fluoridation products fluoridated at 
the temperatures of 320°C or lower have the single-phase 
structure while those fluoridated at the temperatures of 
330°C or higher have the compound-phase composition 
consisting of FeF2 and FeF,. Figure 4 shows the ratio of 
integral intensity of FeF3 and FeF2 at the fluoridation tem- 
peratures of 22O0C-6O0"C. The ratio of FeF, in fluo- 
ridated film reaches up to 50% at 400°C as the fluorida- 
tion temperature rises. 
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The compound-phase composition and the crystal 
growth must be avoided in the passivation process be- 
cause FeF3 is converted to FeF2 and affects the crystallin- 
ity of the film in the thermal modification process. It is 
confirmed that the optimum fluoridation temperature is 
lower than 320°C. 
IV. OPTIMUM CONDITION FOR THERMAL 
MODIFICATION 
A.  Perfect Stoichiometric Structure 
The direct fluoridated film contains excessive amount 
of fluorine in its lattices or interstices before the process 
of thermal modification. As described in the previous pa- 
pers [6]-[8], it has a non-stoichiometric structure. There- 
fore, the direct fluoridated film does not have favorable 
characteristics in terms of the corrosion resistance, out- 
gassing and other aspects. However, it is possible to con- 
vert the nonstoichiometric structure with the mole ratio of 
F /Fe  = 2.27 to the stoichiometric structure with the mole 
ratio of F /Fe  = 2.00 through the process of thermal mod- 
ification. It is also obvious that most of the excessive flu- 
orine diffuses to reach the interface between the fluori- 
dated film and the stainless steel in the fluoridated film, 
at which the film is made thicker and has the stoichio- 
metric structure after the thermal modification. 
B. Surface Transition Change 
Another characteristic of the thermal modification is the 
transition of chromium to the surface of the fluoridated 
film, where chromium is changed to aothin chromium 
fluoride film with the thickness of 100 A or less on the 
FeFz film with the stoichiometric structure [6]-[8]. The 
chromium migration is also observed in the oxidation pas- 
sivation at 40O"C-50O0C and in the thermal treatment of 
the stainless steel at 1000°C [13], [14]. In the case of 
fluoridation, however, the chromium transition is ob- 
served at the temperature of 400°C or lower due to the 
highest electronegativity of fluorine. Chromium fluoride 
has better corrosion resistance than iron fluoride. 
C. Fluorine Evolution 
A large amount of excess fluorine diffuses into the film, 
but a small amount of fluorine is released from the surface 
of fluoridated film in the process of thermal modification. 
The released fluorine from the film is measured. 
A fluoridated tube with 1 m long and 1 / 4  inch diameter 
was filled with helium gas at the pressure level of 760 
Torr at the room temperature. Then the tube was directly 
heated to 300°C or 400°C with the electric current con- 
trolled at 1 A for 1 hour [15]. After the temperature of 
tube returned to the room temperature, the released fluo- 
rine gas was measured by the gas chromatography, using 
helium as carrier gas. The same measurement was re- 
peated until the released fluorine was not observed. The 
thermal modification was carried out for these films to 
confirm the difference of fluorine release time at the two 
different temperatures of 300°C and 400°C. 
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Fig. 5. Evolution of fluorine from fluoridated 316L stainless steel surface 
passed through helium for thermal modification temperature. 
+ Thermal Modification 300°C 







0 1 2 3 4 5 6 7  
THERMAL MODIFICATION T lME IHr) 
Fig. 6.  Evolution of fluorine from fluoridated 316L stainless steel surface 
passed through helium for thermal modification temperature. 
The results were shown in Figs. 5 and 6.  In Fig. 5 the 
film formed at 200°C for 250 minutes has about two times 
film thickness compared with the film for 80 minutes. The 
fluorine release time were independent of the film thick- 
ness at the detection limit of gas chromatography of 1 
ppm, when the thermal modification was carried out at 
400°C for 3 hours. 
On the contrary, at 300°C of the thermal modification, 
the fluorine evolution continued for 7 hours. The same 
results were obtained in Fig. 6 .  In order to form a perfect 
passivated film in terms of the fluorine evolution, thermal 
modification temperature is desirable to be higher than 
fluoridation temperature, that is, at 400°C and the thermal 
modification time must be set for 3 and more hours based 
on the above-mentioned results. 
D. Chemical Composition Change and Crystallinity 
Control 
The chemical composition change of the single phase 
FeF, formed at the fluoridation temperature of 220°C was 
examined at the thermal modification temperature of 
It has been confirmed from Fig. 7 that the chemical 
composition in the single film remains unchanged even 
when the temperature of thermal modification is raised to 
500°C. Moreover, the crystal does not grow at tempera- 
tures below 400°C. 
On the other hand, as shown in Fig. 8,  a complicated 
320"C-5OO0C. 
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Fig. 7 .  XRD pattern of the fluoridated films of 316L stainless steel sur- 
faces for thermal modification temperature. 
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Fig. 8 .  XRD pattern of the fluoridated films of 316L stainless steel sur- 
faces for thermal modification temperature. 
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Fig. 9. XRD pattern of the fluoridated films of iron surfaces for thermal 
modification temperature. 
chemical composition change is observed when the com- 
pound film with FeF, and FeF, formed at 330°C or higher 
undergoes thermal modification. Figure 8 shows that, in 
the case of thermal modification at 400"C, FeF, peaks 
decrease, and that they completely disappear at 440°C. In 
the reductive ambient containing excessive amount of bare 
metals, FeF, is converted to FeF,. 
Pure iron plates were also selected to study the fluori- 
dation of iron. Fig. 9 shows the XRD patterns after the 
fluoridation at 350°C and the thermal modification at 
300"C-400"C. Just as observed for stainless steel, FeF, 
peaks decrease as the temperature of thermal modification 
rises and start to disappear at 400°C. 
As shown in (b) of Fig. 10, the microcrystals and grain 
boundaries, which are trigger of corrosion, are observed 
in the fluoridated film formed at the high temperature. The 
crystal growth causes the cracks in the fluoridated film 
increasing with temperature and time of the thermal mod- 
ification as shown in Fig. 11. This is the reason why the 
crystallinity of the fluoridated film in the process of ther- 
mal modification must be prevented. 
Fig. 12 shows the relation between the interplanar 
spacing of FeF2 and the temperatures of thermal modifi- 
cation. The film fluoridated at 220°C has wider inter- 
planar spacing than the one fluoridated at 340°C. Al- 
though the gap between the two initial values is 
considerably wide, it gets smaller as the temperature tops 
400"C, and the interplanar spacing values of two cases 
get closer to a certain level. 
The relation between the crystallinity of passivated film 
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Fig. 10. Surfaces of passivated 316L stainless steel (a) Fluoridation: 220°C. 80 min. Thermal Modification: 400°C, 1 hr. (b) 
Fluoridation: 340"C,  80 min. Thermal Modification: 400°C. 1 hr. 
Fig. 11. Surfaces of passivated 316L stainless steel Fluoridation: 340"C,  80 min. Thermal Modification: 440°C. 6 hr 
+, Fluoridatlon 220°C, 80 min 
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Fig. 12. Interplanar spacing of FeF, (1 1 0) for thermal modification tem- 
perature. 
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Fig. 13. Interplanar spacing of FeF, (1  1 0) for thermal modification time. 
and the time of thermal modification at the temperature of 
440°C are shown in Fig. 13. In Fig. 13, the interplanar 
spacing values sharply drop after a few hours of thermal 
modification. It is confirmed that the thermal modification 
temperature must be set under 400°C in order to prevent 
crystallinity. 
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V.  CONCLUSION 
The optimum conditions for the overall passivation 
technology were discussed, focusing on 3 16L stainless 
steel to expand the previously published methodology [6]. 
The surface roughness of the passivated film was also 
studied to find out the effect of the temperatures on the 
baking process followed by the fluoridation and passiva- 
tion treatment. It has been found that the baking temper- 
atures have a significant effect on the surface roughness 
of the passivated film. Consequently, the baking must be 
carried out at the same temperature level of the thermal 
modification or at higher levels. 
The direct fluoridation products have the FeF2 single- 
phase composition at the temperatures of 320°C or lower 
while they have the compound-phase composition with 
FeF, and FeF, when the temperature tops 330°C. FeF, in 
the compound-phase composition is converted to FeF2 in 
the process of thermal modification to occur crystallinity. 
The microcrystals and grain boundaries are observed in 
the fluoridated film formed at the high temperatures. The 
phase conversion and the micro-crystallization, which lead 
to the cracks on the surface, are not desirable for the pas- 
sivated film. 
The thermal modification is very important process to 
form the perfect passivated film [6]. The optimum tem- 
perature of the thermal modification was examined in the 
case of the single-phase and the compound-phase com- 
position with the evaluations of the fluorine evolution and 
the crystallinity. 
The single-phase composition is more favorable for the 
passivation than the compound-phase composition. How- 
ever, when the thermal modification is carried out at the 
temperature of 400°C or higher, the passivated film gets 
cracked accompanying the microcrystals even in the 
fluoridated film with the single-phase composition. The 
thermal modification must be carried out at the tempera- 
tures of 400°C or lower. 
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